Abstract. There is a controversy on the role of solids in flotation systems in terms of the characteristics of the solid-liquid-gas dispersions. The effect of slurries containing carbon or silica on the characteristics of gas-slurry dispersions generated in a flotation column was studied. Experimental results suggest that hydrophilic solids prevent bubbles coalescence, and produces large bubble surface areas, available to collide and collect particles during flotation. On the other hand slurries with hydrophobic particles produce larger bubbles, affecting both the performance and the hydrodynamics of the process. Key words: hydrophobic solids, hydrophilic solids, gas hold-up, superficial bubble surface flux, bubble coalescence.
Introduction
Gas hold-up is an important variable that determines the circulation and mixing patterns of gas-liquid or gas-pulp dispersions. Therefore, it determines the flotation efficiency and, furthermore, it affects the residence time of materials in the bubbling system. It has demonstrated that highly hydrophobic particles promote coalescence of neighbouring bubbles by its penetration among them while particles of moderated hydrophobicity have no effect on the coalescence process [1] . It has found that the presence of electrolytes promotes considerable bubble coalescence retardation which is reflected by a substantial reduction of bubble size and more uniform dispersions [2] . Studies have concluded that bubble size is strongly affected by frother concentration only when multi-hole spargers are utilized; however at low frother concentration, the bubble size is much more larger, indicating bubble coalescence as a main mechanism determining the size [3] ; also, two range of frother concentration are identified as a function of bubble size, and bubble size depends from the frother hydrocarbon chain [4] . Bubble size strongly depends from the value of surface tension and the utilized bubble generation system, being smaller when a porous plate is utilized as compared with a simple orifice nozzle, and a multiple orifice nozzle [5] . The two-bubble coalescence process was studied in a coalescence cell; it was observed that the coalescence of two bubbles results in the formation of an annular wave forming, due to the very rapid expansion of the hole following the instant of film rupture, the process causes a rippling effect which distorts the newly coalesced bubble and may result of an unstable extension which produces a generation of a small daughter bubble; in coalescence dominated systems the process results in the generation of significant numbers of bubbles much smaller than the Sauter mean value (100-200 µm vs. 2-3 mm) [6] . The bubble size has been measured and predicted as a function of the kinetic energy dissipated by a gas jet; the experimental observations showed that bubble characteristics depend mainly from the value of surface tension, and the superficial gas velocity at the discharge orifice nozzle [7] . It was found that the bubble size in the bubbly flow zone of a flotation column increase with increasing distance from the bottom due to coalescence and kinetic energy distribution, therefore, the characteristics of the gas-liquid dispersion depend from the axial location [8] . The Sauter mean bubble diameter decreases with increasing molecular weight of n-alcohols and their concentration; however, branched chain frothers deviated from this pattern, and they show lower efficiency in reducing bubble size [9] . The use of a two-phase ejector for bubble generation provided a good bubble size control; it was found that air/liquid interface properties and energy dissipation rate play a major role in influencing bubble diameter [10] . In mechanical cells, the mineral flotation rate cannot be related easily to bubble size, gas hold-up or superficial gas velocity individually for different operating conditions; however, when taken together as the bubble surface area flux, can be related to the flotation rate extremely well [11] .
As it can be seen, the laboratory and plant data suggest that the overall performance of a flotation process is affected by the characteristics of the gas dispersion (generated by a certain sparger), as well as the physicochemical characteristics of the system; these features together with the geometry of the flotation device determine the efficiency of the process. Nevertheless, it has not been concluded about the effect of hydrophobic-hydrophilic solid species on the characteristics of gas-solid-liquid dispersions; therefore, this work is devoted to analyse towards this effect.
Results and discussion
A good agreement between the estimated gas hold-up from electrical conductivity and that from pressure measurements was observed. Figure 1 shows the validation of both gas holdup estimation techniques.
The gas hold-up in the flotation column was measured for carbon slurries (D 80 = 30 µm), and silica slurries (D 80 = 30 µm) without additions of frother. The aim of this tests was to observe the behaviour of the gas hold-up as a function of the superficial gas velocity when the slurry is made of hydrophobic solids (i. e., carbon), or hydrophilic solids (silica).
Experimental observations showed that gas hold-up increases with the superficial gas velocity since the amount of gas fed into the column also increases. Such behaviour was observed in both experimental systems: carbon-water slurries and silica-water slurries.
However, the gas hold-up behaviour in the carbon-water slurry is lower than that presented in the silica-slurry flotation system. Furthermore, changes in the gas hold-up with the superficial gas velocity presents a crumple sort of pattern in the carbon-water slurry system, while the change of gas hold-up with changing the superficial gas velocity in the silica-water slurry follows a smooth path .
The behaviour of the carbon-water slurry system suggests the presence of the bubbles coalescence phenomenon, producing larger bubbles, or in some cases slug formation and high turbulences, as it was visually observed. Figure 2 shows a comparison between gas hold-up values for the two cases tested here, after changing the superficial gas velocity.
In the case of experiments carried out without solids (airwater system), Figure 3 shows the relationship among the gas hold-up and the superficial gas velocity. There is shown that counter-current conditions promote a decrease in the gas holdup perhaps of a larger slip velocity as compared with that observed in the co-current flow conditions, causing bubbles coalescence.
The presence of solids affects the gas hold-up behaviour in a similar manner as when the column is operated without solids (Figure 3) , under the two different current schemes: the co-current and counter current phase flow. As presented in Figure 4 , it seems that bubble coalescence is promoted under the counter current column operation due to a larger relative phase velocity, since gas hold-up values are smaller than those presented in the co-current column operation under equivalent superficial gas velocities. The slurry flotation systems were analysed with and without surfactant additions varying the superficial gas velocity. The experimental data confirm that slurries consisted in mixtures of water and hydrophobic solids (carbon) resulting in lower gas hold-up values, contrary to the gas hold-up values in slurries made of water and hydrophilic solids (silica). Figure 5 presents the experimental points for gas hold-up measurements in the flotation systems, carbon (5% w/w) water slurries and silica (5% w/w) water slurries, as the superficial gas velocity varies in the column. The effect of surfactant additions is demonstrated through this plot.
The surfactant additions have confirmed that hydrophobic solids promote bubble coalescence by comparison with bubbling systems containing hydrophilic solid. The flotation system containing carbon slurry did not change appreciably the gas hold-up value under the presence of surfactant in the experimental range of superficial gas velocities.
On the other hand, the increase in gas hold-up with increasing surfactant concentration and the superficial gas velocity is very noticeable in the silica system. These observations suggest that the presence of hydrophilic solids promote the stability of the bubble-slurry dispersion, and hence decreasing bubble coalescence.
Bubble size is estimated from drift flux analysis as it is described in the literature [12, 13] . Drift flux analysis was validated in two-phase systems [14, 15] , and in three-phase systems [16] , against an independent photographic method. Image-analysis results and the predictions from drift flux analysis were in good agreement; therefore, these experiences confirm the technique to be an accurate method to predict bubble size as first approximation.
The estimated Sauter bubble diameters [14] are presented in Figure 6 in terms of the gas hold-up values in the carbonwater and silica-water slurry systems. The surfactant additions effect can be seen in these bubbling systems. Figure 7 shows that the gas hold-up increases as the bubble size decreases; nevertheless, the presence of hydrophobic solids (carbon particles) promotes markedly the increase in bubble size, maintaining the gas hold-up value below 9% (v/v). These experimental observations can be explained in terms of bubbles coalescence caused by the penetration of the hydrophobic particles among neighbouring bubbles, as it has been experimentally observed [1] . It can be seen that there is a scatter in the experimental relation between bubble diameter and gas hold-up when the slurry is made with hydrophobic particles which indicates a strong mixing caused by the formation of large bubbles in the flotation column, even under high surfactant concentration (20 ppm Dowfroth 250). In contrast, when the flotation system consisted of a slurry with hydrophilic solids, both the gas hold-up and the bubble size observe small changes in the entire range of surfactant concentration (0-20 ppm), which looks like the image of a sort of bubbly gas flow regime in the flotation column. Standing from this observations it may indicate that the adsorbed water molecules on the hydrophilic solids protect the structure of the original bubble swarm preventing the bubbles from coalescence, even at very high gas hold-up values (above 30% v/v), in the flotation system.
Once the bubble size is known, it is interesting to figure out the path of the superficial bubble surface flux, because this property of the flotation system describes the actual surface gas-vapour interface that is available to perform a collection process in a particular flotation system, and it holds the chemical, mechanical and geometry characteristics in a particular flotation system [11, 17] . Figure 7 presents the change of the experimental bubble size estimates as well as the behaviour of the superficial bubble surface flux, with the change in the superficial gas velocity, under the presence of surfactant. From the last figure it can be seen that bubble size is undeniably affected by the presence of solids, being larger in the case of slurry with hydrophobic particles as compared with the dispersion containing hydrophilic solids or no solids whatsoever. Larger bubbles produce a smaller liquid-vapour interface surface, as compared with the creation of that with smaller bubbles.
According to the literature [1] , highly hydrophobic particles (carbon slurries) promote bubble coalescence and then the bubble surface area (Sb) decreases. From the experimental results of this work, the low percentage of solids in the slurry is the reason of the short decrease in the Sb since the bubble coalescence is not excessive.
The effect of the slurry density on the gas-silica-water dispersions properties is shown in Figure 8 . As can be observed, both the gas hold-up and the estimated bubble diameter are plotted versus the superficial gas velocity in the column.
It is clear that the presence of hydrophilic solids in the flotation column affects the gas hold-up which increases with the density of the slurry and with the superficial gas velocity (the last effect is due to the rise in the amount of gas fed into the flotation system).
An interesting feature to be noticed is that the bubble size decreases with the addition of the hydrophilic solids as compared with the system without solids; however, the density of the slurry does not affect de bubble diameter and it is only a function of the superficial gas velocity; in other words, for a given superficial gas velocity, and surfactant concentration, the bubble size is likely to be constant regardless the amount of hydrophilic solids in the slurry.
Changes in the superficial bubble surface with the bubble size and the gas hold-up is presented in Figure 9 , for experiences after adding 20 ppm of surfactant. It can be noticed a good straight correlation among the superficial bubble surface flux and gas hold-up for gas hold-up values up to 25%. This performance takes place in both flotation systems, with and without solids, being the superficial bubble surface flux slightly larger under the presence of solids. This behaviour can indicate that smaller bubble are produced when the slurry consists of hydrophilic solids in contrast with air-water dispersions.
Besides the bubble size, the experimental results indicate that there is an effect of the flotation system geometry on the behaviour of the superficial bubble surface flux.
When the bubbling system does not contain solids, there exists a limit for increasing the superficial bubble surface flux with the increase in the superficial gas velocity, this limit is at a superficial gas velocity of about 1 cm/s, above this limiting value the superficial bubble surface flux remains approximately constant (around 100 s -1 ). In the case of the flotation system with hydrophilic solids, the limiting value of the superficial gas velocity increases as well as the corresponding value of the superficial bubble surface flux. All this information suggests that depending on the bubble size, the space to retain a stable bubbles swarm depends from the flotation device geometry. This means that if the flotation system is pushed too much by increasing the gas flow rate, it can reach such limits producing an unstable flotation operation as a result of bubbles coalescence and an excessive circulation, mixing, and hence turbulence.
Experimental
The experiments in the present work were carried out in a 15-cm-diameter (4-m-height) acrylic laboratory flotation column which was fully instrumented. Air was introduced through a porous metal sparger installed at the bottom of the column.
Series of stainless steel ring electrodes flushed to the internal surface of the wall column were installed in order to measure the electrical conductivity of the gas-liquid dispersion (experiments with no-solids), or the gas-slurry dispersion (hydrophilic solids or hydrophobic solids), by connecting properly arrays of electrodes creating conductivity flow cells [18] ; also the conductivity of the liquid or slurry without bubbles was measured at the feed point in the column by means of a conductivity flow cell. With the liquid or slurry only conductivity and the gas-liquid or gas-slurry conductivity the gas hold-up (Eg) was estimated by applying Maxwell's model [19] . Additionally, four differential pressure transmitters were installed along the flotation column at different points separated a vertical distance to measure a difference in pressure between pairs of pressure taps to estimate gas hold-up [16] .
The column was fed continuously with water (and frother additions: Dowfroth 250) or with solids-water slurries (hydrophobic solids: carbon-water; or, Hydrophilic solids: silicawater) by means of a variable speed peristaltic pump, and the flow of the tailings was controlled (as the superficial liquid or slurry velocity, Jl). The speed of the feed pump was used to control the froth depth at the top of the column. The current of concentrates and tailings were collected in the conditioning tank in order to be fed again to the flotation column.
Differential pressure and conductivity were simultaneously measured for all the air flowrates tested here, with the column run with water only or with slurry, both measurements were carried out in the same region of the column. The air flow rate was monitored and controlled using a mass flow controller. The experimental apparatus is shown in Figure 10 . 
